Endometriosis is an enigmatic condition with an unknown etiology and a poorly understood pathogenesis. It is considered to appear from the interplay of many genetic and environmental factors, affecting up to 10% of women and represents a major cause of pain and infertility.
Introduction
Endometriosis is a benign, common gynecologic disorder, affecting 6-10% of women during their reproductive years (1) . Chronic pelvic pain, dyspareunia, dysmenorrhea and infertility represent the main manifestations (2) . The absence of a timely and non-invasive diagnostic tool is presently the greatest barrier to the identification and treatment of endometriosis.
Endometriosis is characterized by a multifactorial pattern of inheritance, influenced by multiple genetic and environmental factors, as documented initially by the elevated incidence of severe endometriosis in the first-degree relatives of affected women compared to women lacking a positive family history (3, 4) . Furthermore, two monozygotic twin-based and family studies have demonstrated an approximately 50% heritability for endometriosis (5, 6) . Case-control studies, genome-wide association studies (GWAS) and meta-analyses have led to the identification of disease-risk loci that alter a woman's risk of developing the disorder and provide new insight into potential pathways leading to endometriosis. Particularly, GWAS in several series of samples have identified single nucleotide polymorphisms (SNPs) that are either directly or indirectly implicated in matrix remodeling, cell cycle regulation and signaling, cell adhesion, hormone receptors and metabolism, transcription regulation and inflammation, as well as immune and oxidative stress processes (7) . However, all these data only account for approximately 5% of the disease variance (8) involved in the development of complex diseases, apart from the established common variants identified by GWAS (9) . Despite the continued progress being made in resolving the genetic underpinnings of endometriosis, a comprehensive list of genetic loci is far from being completed, and the functional role of causal variants remain poorly understood. Recent progress in next generation sequencing provides us with the opportunity to search for less common variants with significant effects. In line with the aforementioned assumptions, whole exome sequencing (WES) provides a hypothesis-neutral approach. Accordingly, WES is a procedure that allows for the purification by sequence capture of all exonic regions of a genome and their further processing by next-generation sequencing (NGS) (10) . Thus, prompted by the data collected by an initial genetic analysis (11) of a three-generation family of 7 affected women with surgically confirmed endometriosis and aiming to explore the contribution of functional coding variants to this disease, in the present study, we used WES to identify inherited rare, endometriosis-associated exonic variants in the patients of this family.
Patients and methods
Patients and study design. A three-generation family with 7 affected members is shown in Fig. 1 . Case no. 1 was the first individual in the family to be diagnosed with endometriosis and underwent surgical hysterectomy at the age of 32 due to stage IV bilateral ovarian endometriosis. Her mother (not shown in the pedigree) had 4 children with no gynecological problems. However, her 3 daughters (case nos. 2-4) and 3 granddaughters (case nos. 5-7) have all been surgically diagnosed with endometriosis (11, 12) . Further clinical details regarding the disease severity of the affected members of the family have been previously reported in the study by Matalliotakis et al (11) . In addition to endometriosis, case no. 1 has been diagnosed with 14 other morbidities, including Crohn's disease, interstitial cystitis, bronchial asthma, cardiovascular diseases, lupus erythematosus and multiple sclerosis (12) .
The Ethics Committee of Venizeleio General Hospital of Heraklion (Heraklion, Greece) (ECHR no. 46/6686) approved the overall study and written informed consent was obtained from all the patients. The medical records were collected by the clinicians and pathologists, including surgical procedures and findings.
WES. Venous blood samples (5 ml per patient) were collected from the family members and stored at -20˚C. Genomic DNA was isolated from peripheral blood leukocytes by using a commercial kit (PureLink ® Genomic DNA mini kit; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. Exome sequencing was conducted using the AmpliSeq technology on Ion Proton platform (Thermo Fisher Scientific, Inc.). A series of filters was applied in order to reduce sequencing artifacts. Following sequence assembly using Torrent software, variant annotation was performed using ANNOVAR (hg19 reference; http://annovar.openbioinformatics. org/en/latest/). Variants were determined using Ion Proton protocol and confirmed using the Genome Analysis Toolkit pipeline. Identity-by-descent (IBD) was calculated using PLINK (1.07) (13) and compared to the expected values for all relative-pairs in the pedigree.
Results
Common endometriosis-associated genetic variants. In the framework of a preliminary analysis conducted (data not shown), we first detected 64 variants across the 14 genes confirmed thus far to be associated with endometriosis (8) . However, the vast majority of these variants were common in the population [minor allele frequency (MAF) >1%)] and, as a consequence, are not considered to be disease-causing. Moreover, we did not find any evidence of any deletions in these well-analyzed 14 genes.
Two rare variants (rs763439987 and rs139078629) were observed in the FN1 gene (MAF <1%), with each of the variants present in a single member of the family. Segregation analysis revealed that both variants appeared to be paternally inherited and in linkage disequilibrium (LD) (detailed data not shown).
Novel genetic variants.
In a further in-depth analysis of normally segregating rare variants, we identified approximately 20,000 exonic variants in each of the 7 individuals, and almost 34,000 variants combined across the pedigree, which was in line with our expectations. IBD and segregation analysis confirmed all individual associations and the overall pedigree structure. We identified 2 hemizygous deletions segregating in this three-generation family (Fig. 2) . A deletion was found in UDP glucuronosyltransferase family 2 member B28 (UGT2B28) genomic region, spanning 7 informative sequence variants across at least 14 kb, as well as a deletion in ubiquitin specific peptidase 17-like family member 2 (USP17L2) genomic region spanning 3 informative variants across at least 2 kb. Both deletions were present in the affected grandmother and segregated in as many as 4 and 5 of her descendants, respectively.
Discussion
Recent advances in genome sequencing technologies provide many opportunities for the characterization of individual genomic landscapes and for the identification of mutations relevant for diagnosis and therapy. In particular, WES has become a popular approach in the human genetics community considering The figure has been adapted from a previous study (11) .
its moderate costs, the amount of data that can be managed reasonably and the straightforward interpretation of the accumulated results upon analysis. The progress of high-throughput sequencing has led geneticists to directly perform WES for identifying the candidate variants in monogenic, as well as multifactorial diseases (14) , for elucidating the genetic basis of some genetically heterogeneous disorders (15) and for an improved diagnosis of patients (16) . In this framework, we hypothesized that WES of the affected members of a rare, three-generation family with 7 members with endometriosis, would be more likely to facilitate the identification of common and rare deleterious genetic variants that contribute to disease risk.
The current analysis demonstrated the absence of any deleterious exonic variants in genes confirmed thus far to be associated with endometriosis (8) . However, the results obtained implicate the UGT2B28 and USP17L2 genes in the pathogenesis of endometriosis. Neither of the genes has previously been reported to be associated with endometriosis, at least to the best of our knowledge. UGT2B28 is a member of the UGT2B gene family, which is known to be involved in the metabolism of steroid hormones and several other xenobiotics (17) and is widely expressed in the liver, as well as extrahepatic steroid target tissues (18) . Germ line copy-number variation in the UGT2B28 gene has been associated with Addison's disease (19) , while common polymorphisms and copy number variation of the gene affect steroid hormone abundance and has been implicated in the increase of prostate cancer risk (18, 20) . Deletions of this gene have been reported to be predictors of the prostate-specific antigen (PSA) level in clinically localized prostate cancer following surgical treatment (21) . Based on the aforementioned findings, the important role of UGT2B28 in the regulation of the hormonal exposure of steroid target cells has been suggested, and it has also been suggested that the alteration of UGT2B28 function may affect the metabolism of sex hormones (22) . However, the mechanisms through which UGT2B28 may affect the pathogenesis of endometriosis are not yet clear.
USP17L2 (also known as DUB3, DUB-3 or USP17) is a member of the USP17 subfamily of USPs, consisted by cysteine proteases (23) regulating key cellular processes, such as cell growth and survival (24) . It is transiently induced in response to cytokines and, when it is constitutively expressed, can block growth factor-dependent proliferation (24) . USP17L2 has deubiquitinating activity and its overexpression leads to apoptosis and cell death (25) . Ubiquitin has been found to be expressed in endometriotic cells and, as suggested, may contribute to a reduced sensitivity of ectopic endometrial tissue to apoptosis (26) . Thus far, USP17L2 has been suggested to possibly be a valuable biomarker for the prediction of ovarian cancer prognosis and its inhibition may be a potential strategy for ovarian cancer treatment (27) . This gene plays a central role in the regulation of the transcription factors, Slug and Twist. Particularly, it has been found that USP17L2 interacts with and stabilizes Slug and Twist through de-ubiquitination (28) . As is known, Slug, Snail and Twist are three key epithelial-to-mesenchymal transition transcription factors (EMT-TFs) that are tightly regulated via ubiquitination and degradation. Furthermore, the aberrant expression/activation of EMT-TFs can give rise to tumor angiogenesis, invasion and metastasis (29, 30) .
EMT can be considered as a cellular de-differentiation process providing cells with the increased plasticity required during embryonic development and tissue remodeling, due to the similarities in the migratory and invasive characteristics that the cells obtain during these processes (31, 32) . We have previously proposed that the pathogenesis of endometriosis involves the loss of mesothelial barrier integrity due to the activation of the EMT repair mechanism (33) . As a consequence, in the absence of the mesothelial barrier, endometrial cells can more readily adhere to the underlying peritoneal stroma and establish endometrial lesions. Thus, we speculate that the dosage-dependent loss of USP17L2 affects mesothelial integrity and increases the risk of developing endometriosis.
Furthermore, in the framework of the present WES, two rare variants (rs763439987 and rs139078629) were observed in the FN1 gene to be paternally inherited. Although both of the hemizygous deletions clearly are inherited from the grandmother of the family under investigation, any paternally inherited risk-variants, such as the rare FN1 haplotype, must also be considered.
In conclusion, the present study identified, for the first time, to the best of our knowledge, a role of the UGT2B28 and USP17L2 genes in endometriosis and underlines the power of WES to decipher complex phenotypes. However, the precise underlying mechanisms remain elusive. The present findings may enhance our biological insight of endometriosis and may contribute towards novel strategies regarding improved patient care. Further in-depth analysis of normally segregating rare variants is ongoing.
